unknown. It is unclear what the molecular targets of long-term treatment with GDNF (1 day, 40 pM, in all specific neurotrophic factors are or how these moleexperiments) dramatically increased the frequency of cules act to regulate synaptic transmission. In the presSSCs ( Figures 1A and 1B) . On average, SSC frequency in ent study, we address this issue using the Xenopus GDNF-treated synapses increased 5-fold as compared nerve-muscle coculture. Our experiments demonstrate with that in control synapses. Since SSC frequency rethat GDNF elicits a long-term modulatory effect on synflects the rate of vesicle fusion spontaneously at the aptic transmission at NMJ and that this effect is medipresynaptic terminals, these results suggest a presynated by an upregulation of the expression of the neuronal aptic action of GDNF. A small but significant increase Ca 2ϩ binding protein frequenin. Further, we show that in the mean amplitude of SSCs was also observed in GDNF/frequenin facilitates synaptic transmission by enneurons treated with GDNF ( Figures 1B and 1C ] o was reduced from 2 mM to 0.1 mM, indicating that GDNF 2C and 2D, 10 and 25 ms).
To further characterize the presynaptic effects of enhances transmitter release more effectively when Pr is low. However, the total amounts of transmitter release GDNF, we used FM dye destaining, a measure of transmitter release independent of postsynaptic cells (Ryan in normal [Ca 2ϩ ] o (2 mM), as reflected by the difference in fluorescence intensity before and 2 min after applicaet al., 1993). Figure 3A shows the phase images of a myocyte innervated by a motoneuron. The strong fluotion of high K ϩ destaining solution (⌬F), were quite similar in control (⌬F ϭ 95.1% Ϯ 2.0%) and GDNF-treated rescence spot on the myocyte represents a typical dyeloaded presynaptic bouton ( Figure 3B ). The fluores-(⌬F ϭ 99.1% Ϯ 1.2%) synapses. Taken together, these results imply that GDNF regulates transmitter release cence images were quite stable in wash solutions over a period of 10 min with minimum bleaching (data not primarily by increasing Pr. To begin to ascertain how GDNF enhances transmitter shown). Transmitter release was initiated by rapid perfusion of high K ϩ destaining solution containing the same release, we examined whether it affects synaptic delay, the time interval between action potential firing and ESC (Figures 2A and 2B Figure 4A , bottom). frequenin is expressed in presynaptic motoneurons but Since the GDNF effects were observed at the NMJ, not in postsynaptic muscle cells, and overexpression of it is important to determine whether GDNF enhances frequenin in motoneurons elicits changes almost identifrequenin expression in motoneurons. However, it was cal to those induced by GDNF (Olafsson et al., 1995) . It difficult to detect frequenin in the nerve-muscle cultures was therefore natural to test whether the GDNF effects using Western blot, because there were only limited are mediated by frequenin at these synapses. We first numbers of neurons in a single culture dish. We therefore examined whether GDNF enhanced frequenin expresused an alternative approach. Dorsal posterior parts sion in vivo by injecting GDNF mRNA into the fertilized (see Figure 4B , top) of 1-day-old Xenopus embryos injected with or without GDNF mRNA were dissected for Xenopus eggs. Overexpression of GDNF significantly Figures 6D and 6E) .
rhodamine-dextran (red fluorescence). Similar to previous reports (Alder et al., 1992) , we found that the green The synaptic delay in Nϩ synapses was also prolonged cols (one Ϫ90mV to ϩ60mV, the other Ϫ40mV to ϩ60mV, marized in Figure 9D . The current densities in neurons treated with GDNF were significantly higher than those both with 10mV increments), we observed two Ca 2ϩ current components: a small transient inward current actiin control neurons. Introduction of exogenous frequenin protein into the spinal neurons (through embryo injecvated by small depolarizing step (putative T currents) and a large sustained inward current activated only tion) also elicited a marked increase in Ca 2ϩ current density ( Figure 9D ). The effect of GDNF was attenuated when the depolarization step was higher than Ϫ10mV (high-voltage activated or HVA currents). As shown in in neurons transfected with antisense-but not sensefrequenin oligos ( Figure 9D ). Treatment with antisense Figure 9B , a series of 200 ms step depolarization, from Ϫ40mV to ϩ60mV in 10mV increments (holding potential oligos alone had no effect on the current density ( Figure  9D) , possibly because the level of endogenous frequenin Ϫ40mV) elicited typical HVA inward Ca 2ϩ currents of variable sizes. Treatment with GDNF had no effect on is very low at this stage of development (Olafsson et al., 1995). Furthermore, the increased Ca 2ϩ current density T currents (data not shown). In contrast, GDNF markedly increased the amplitude of HVA Ca 2ϩ currents. To corelicited by expressing exogenous frequenin occluded that induced by GDNF ( Figure 9D ). These results suggest rect for variability of neuronal sizes, peak current density (peak current/capacitance) of each neuron was calcuthat GDNF-induced potentiation of Ca 2ϩ channels is mediated by frequenin. lated, and the averaged number was used to construct current-voltage relations (I-V curves). Compared with control neurons, GDNF pretreatment increased the Ca 2ϩ GDNF Promotes N-type Ca 2؉ Channel Activation We next determined specific type(s) of channels regucurrent density by ‫%021ف‬ when measured at 0mV (Figure 9C) . pine, total Ca 2ϩ currents were slightly reduced (compare 10D). The membrane voltage at which the current amplitude is half-maximum, or V 1/2 , was 12.7mV Ϯ 2.4mV for Figures 9C and 10A) . GDNF still elicited a marked increase in the N-type Ca 2ϩ currents ( Figure 10A ). In concontrol and 2.4mV Ϯ 2.1mV for GDNF-treated cells, respectively (p Ͻ 0.01). Thus, at any given depolarization trast, when N-type channels were blocked by -conotoxin GVIA, GDNF no longer affect HVA Ca 2ϩ currents voltage, GDNF increases the opening probability of N-type Ca 2ϩ channels. The steady-state inactivation ( Figure 10B ). These results strongly suggest that GDNF potentiates N-type but not L-type Ca 2ϩ channels. The curves were constructed by a two-pulse depolarization protocol ( Figure 10E) (Jones et al., 1999) . A 100 ms N-type Ca 2ϩ channels are known to be involved in coupling Ca 2ϩ influx and transmitter release in the Xenopus depolarization pulse to various voltages (V pre , from -100mV to ϩ65mV, 15mV increments) was applied to the motoneurons (Yazejian et al., 1997) . Perfusion of -conotoxin GVIA completely and reversibly blocked evoked motoneuron to inactivate N-type channels to different extents. Following a brief pulse (10 ms), a second deporelease, whereas that of nifedipine had little effect on ESCs (Figure 10C) , suggesting that N-type is the major larization pulse (V test , 100 ms, Ϫ10mV) was applied to determine the proportion of Ca 2ϩ channels available for Ca 2ϩ channel at the nerve terminals. Thus, modulation of N-type Ca 2ϩ channels contributes directly to GDNF/ activation. The peak currents elicited by V test were plotted against the different V pre steps ( Figure 10E ). The frequenin-induced potentiation of synaptic transmission.
To understand how GDNF modulates N-type Ca 2ϩ inactivation curves derived from control and GDNFtreated cells looked almost identical ( Figure 10E ). Therechannels, we examined the effect of GDNF on N-type channel kinetics. We constructed steady-state activafore, GDNF potentiates N-type Ca 2ϩ channels by facilitating their steady-state activation without affecting tion curves based on the current-voltage relationships shown in Figure 10A . Treatment with GDNF produced their inactivation, although we do not know whether GDNF affects the number of functional channels. a 10.3mV leftward shift in the activation curve ( Figure Discussion the NMJ, we found that the number as well as the size of synaptic varicosities (as measured by synaptobrevinThere are three main findings in the present study. First, GFP fluorescent spots) was increased in cultures treated we report a GDNF-induced long-term facilitation of neuwith GDNF (B.L. and H.-S. Je, unpublished data). rotransmitter release at the neuromuscular synapses.
An important finding in the present study is that GDNF Second, we show that the effect of GDNF on synaptic facilitates evoked transmitter release by enhancing Ca The present study indicates that GDNF enhances prenomenon.
synaptic transmitter release through upregulation of GDNF/frequenin-induced enhancement of transmitter frequenin. These findings have two important implicarelease could be due to an increase either in the probations. First, we have identified a molecular target that bility of transmitter release (Pr) or in the number of remediates the synaptic action of a neurotrophic factor. lease sites (N). Several pieces of evidence suggest that A general problem in the field has been the difficulty in the increase in Pr is responsible for most of the increase determining specific downstream molecules responsiin transmitter release. First, GDNF decreased PPF, a ble for the synaptotrophic actions of any factors beshort-term plasticity frequently used to monitor changes cause they are usually involved in multiple functions in in Pr (Zucker, 1989) . Second, direct measurement of the nervous system. We now provide evidence that (1) transmitter release using FM dye indicated that the rate GDNF enhances frequenin expression in motoneurons; of FM dye destaining was significantly faster at presyn- was triggered during image acquisition such that the stimulus was synchronized with the image acquisition to preserve temporal resoanalyzed using SCAN software (Dagan, Inc.). The waveform of SSCs for each synapse was generated by averaging the aligned peaks of lution. A high rate of acquisition was achieved by reducing the image area, and single frames (160 ϫ 120) were acquired at 480 frames at least 100 SSC events. The waveforms from multiple synapses were then averaged. Ca 2ϩ currents were monitored as described per second. Fluorescence intensity (F) was measured using Intervision 2D software (Noran), with a region-of-interest tool outlining the (Jones et al., 1999). Culture medium was replaced with external solution containing (mM) CaCl 2 , 6; HEPES, 10 (pH 7.6). TTX (1 M) nerve terminals (varicosities). The data were normalized to prestimulation fluorescence (F 0 ) post hoc and presented either as F/F 0 and tetraethylammonium (TEA, 115 mM) were included in the external solution to block Na ϩ and K ϩ channels, respectively. Pipette or ⌬F/F 0 . and membrane capacitance and serial resistance were compensated. The patch electrode was filled with (in mM) CsCl, 90; MgCl 2 , Transfection of Oligonucleotides 5; Mg-ATP, 4; EGTA, 10; HEPES, 10 (pH 7.4). Ca 2ϩ currents were Frequenin oligonucleotides (antisense: 5Ј-CCTCCACCCACCTCAG evoked by 10mV, 200 ms depolarizing steps from Ϫ90mV for low-GCTTCAG-3Ј and sense: 5Ј-CTGAAGCCTGAGGTGGTGGAGG-3Ј) voltage activated currents (LVA) or Ϫ40mV for high-voltage actiwere labeled with fluorescein at the 5Ј ends and purified with HPLC. vated currents (HVA). Data were collected using Clampex software The first and last three nucleotides of the oligonucleotides were with a current signal filter at 3 kHz and analyzed using Clampfit modified with phosphorothioates (S-oligo). First, Xenopus neurons (pClamp 7 package, Axon Instruments). and muscle cells were plated onto glass coverslips. Six hours later, the cells were transfected with the oligos (5 g) for 3 hours, using the liposomal transfection reagent DOTAP (Boehringer) according FM1-43 Imaging The FM dye experiments were carried out as previously described to the manufacturer's instructions. Cells were washed three times and incubated with GDNF for another 24 hr before recording. (Ryan et al., 1993) , with minor modifications. In brief, FM1-43 (Molec-
